Abstract. This study aimed to clarify the mechanism of the spacing of murine embryos along the metrial and antimetrial (MA) axis of the uterus using our newly developed experimental model. The model mice were produced by keeping mice in the supine position from the pre-implantation to implantation period. The starting points and periods of restraint of the mice in the supine position were set variously during the peri-implantation. Then, the position of the embryo was evaluated morphologically. In only one group (set in the instrument from the second day of pregnancy, Day 2, to Day 5), strong disruption of embryo spacing along the MA axis was observed. On the other hand, there was little abnormality in embryo positioning in the groups that were treated from Day 3 to Day 5 or from Day 3 to Day 6. These results suggested that determination of the position of the embryo in the MA axis is not related to duration of the experiment (2 days or 3 days), but is related to the starting time-point of the experiment, at Day 2 or Day 3. In conclusion, the period between Days 2 and 3 is critical for determination of the position of the embryo along the MA axis. Key words: Embryo implantation, Gravity, Mice, Spacing (J. Reprod. Dev. 56: [191][192][193][194] 2010) mbryo implantation is one of the most important events in mammalian reproduction [1] . This implantation consists of two major phenomena; the first is positioning of the embryo in the uterus before apposition of the blastocyst to the uterine luminal epithelium (LE), and the second is initiation of direct feto-maternal communication after completion of positioning (above "apposition"). In polytocous species, such as the mouse, precise positioning of individual embryos in the right place is required before the implantation window opens. The spacing of the mouse embryo is defined as follows: (1) the embryo aligns along the long axis of the uterine horn (LA axis) in equally spaced manner and (2) the embryo is localized exclusively at the anti-metrial side of the uterine horn the metrial and anti-metrial axis (MA axis).
(J. Reprod. Dev. 56: [191] [192] [193] [194] 2010) mbryo implantation is one of the most important events in mammalian reproduction [1] . This implantation consists of two major phenomena; the first is positioning of the embryo in the uterus before apposition of the blastocyst to the uterine luminal epithelium (LE), and the second is initiation of direct feto-maternal communication after completion of positioning (above "apposition"). In polytocous species, such as the mouse, precise positioning of individual embryos in the right place is required before the implantation window opens. The spacing of the mouse embryo is defined as follows: (1) the embryo aligns along the long axis of the uterine horn (LA axis) in equally spaced manner and (2) the embryo is localized exclusively at the anti-metrial side of the uterine horn the metrial and anti-metrial axis (MA axis).
In mice, fertilization occurs at the ampulla of the oviduct. Fertilized eggs migrate to the uterine horn during the 2-to 16-cell stage at Day 2 of pregnancy (the day of the vaginal plug is defined as the first day of pregnancy, Day 1). The morula moves to the uterus around noon on Day 3. Then, the embryo develops to the blastocyst stage, and it completes spacing in the morning on Day 4. Finally, the blastocyst begins to attach to the LE [1] [2] [3] .
Leukemia inhibitory factor (LIF) is an essential factor for initiation of pregnancy after positioning of the embryo in mice [4] . LIF is involved in the process of implantation; it is involved in apoptosis of the LE and successive decidualization. The molecular pathway of LIF leading to successful implantation has gradually been revealed. In addition to LIF, some molecules have been suggested to be indispensable factors for the progress of implantation [4] [5] [6] . On the other hand, the mechanisms of embryo spacing followed by implantation are poorly understood. Ye X (2005) et al. reported that the receptor of lysophosphatidic acid (LPA3) is essential for embryo spacing [7] , suggesting that LPA3 controls uterine contraction related to the movement of the smooth muscle layer of the uterine horn, in LPA3 deficient mice [8] . Also, intravenous administration of relaxin (a potent inhibitor of myometrial activity) results in disruption of normal alignment of the embryo along the LA axis [9, 10] . The mechanism of positioning of the embryo has been revealed as shown above; however, little information concerning determination of the MA axis is available at present. In this study, we prepared a mouse model to isolate position-determining factors of the embryo secreted from the LE during the peri-implantation period apart from the phenomenon after apposition of the embryo to the LE.
Materials and Methods
The model mice ICR strain mice ranging from 12-20 weeks old were used in this study. These mice were housed at 22 ± 2 C under the conditions of 12 h light and 12 h dark controlled light cycles. Water and food were provided ad libitum. The model mice were produced by keeping mice in the supine position during the pre-implantation period. The experimental model mice were set into an instrument to invert the murine MA axis, that is, to keep the abnormal side in the supine position, and were set with their heads down at an approximately 10 degree angle to the body axis (Fig. 1) . The instrument was designed to minimize points of restraint as best as possible, with the abdomen of the body retained in a supine position, and to increase permeability of air to avoid an increase in body temperature. Female mice were mated with male at 1800 h and checked for the presence of a vaginal plug on the next day at 1000 h. Day 1 was defined as the day on which a vaginal plug was observed. The treated mice were divided into six groups according to the duration of time they remained in the instrument as follows: mice kept in the supine position from Day 2 to Day 5 (D2-D5, Group 1, n=12), from Day 3 to Day 5 (D3-D5, Group 2, n=5) or from Day 3 to Day 6 (D3-D6, Group 3, n=6); mice kept in a prostrate position from Day 2 to Day 5 (P-D2-D5, Group 4, n=5); normal pregnant mice at Day 4 (control, Group 5, n=5)); and 5 other control mice (control, Group 6, n=5). All experiments were started at 1700 h and ended at 1700 h in each group (sampling of Groups 5 and 6 was performed at 1700 h on Days 4 and 5, respectively). As soon as the experiment was finished, the mice were sacrificed under Avertin anesthesia. All experimental procedures were carried out in accordance with the guidelines of animal welfare of Yamaguchi University.
Distribution of embryos
The uterine horn was carefully excised and immersed in Bouin's solution. The uterus were embedded in paraffin wax according to the conventional procedure. Serial cross sections 4-μm thick were prepared for the whole uterine horn and subject to hematoxylin and eosin staining. Normal embryo spacing along the MA axis is defined as the embryo being positioned close to the pockets formed by the LE at the anti-metrial bottom of the uterine horn. The position in the uterus and number of embryos were examined by light microscopy. The data were analyzed using Student's t-test.
Results

Distribution of embryos
In Group 1 only, disruption of embryo spacing was observed not only in the MA axis of the uterus ( Fig. 2A, B) , but also along the LA axis (Fig. 2C) . Totally, 14 embryos (12.36 ± 8.33%) were located in the metrial side of the uterine horn (as Fig. 2A) ; 19.79 ± 9.07% (21 embryos) were solely at the lateral side (Fig. 2B ). There were 10 compartments showing disruption of the LA axis; that is, two blastocysts were seen in the same section (1 component is 1/10 length the full length of the uterine horn). These abnormalities were not be detected in other groups (Fig. 2D-E) . The progress of pregnancy was somewhat delayed in Groups 1 and 4 compared with the control (Fig. 2) .
Number of embryos
The numbers of embryos were decreased in Groups 1 (P<0.01) and 4 (P<0.01) compared with the control (Group 6; Fig. 3 (Fig. 3) .
Discussion
In Group 1, strong aberrance of embryo spacing was observed. Implantation was in progress after attachment of the blastocyst (completion of the spacing) to the LE in Group 3 (data not shown). These results suggested that determination of the position of the embryo along the MA axis was not related to duration of the experiment (2 days or 3 days), but was related to the stage of pregnancy (D2-D5 or D3-D6). Concretely, the period between Days 2 and 3 is critical for normal spacing in the MA axis. In this period, the embryo is in the early stage before the morula stage, and is in the oviduct, having not yet migrated into the uterine horn. The restraint stress in this period induced disruption of normal alignment of the embryo along the MA axis, suggesting that the implantation site is decided by maternal factors. From Day 2 to 3, the uterine lumen becomes very narrow, and vacuolated epithelial cells are rarely found [11] . It has been speculated that this change in the lumen and LE is a preliminary event necessary for the initiation of implantation [11] . On the other hand, there has been little information available about the mechanism of embryo spacing. Further studies are required to identify the determining factors that lead the embryo to the right place in the period from Day 2 to Day 3.
In this study, disruption of normal positioning of the embryo along the MA axis of the uterine horn was observed. In the preimplantation stage, ciliated cells, which are supposed to have the function of transportation of the embryo, are rarely found among the LE [11] . It is possible that migration of the embryo in the uterus is regulated by physical action of the myometrium. Also, it is possible that some molecular mechanisms determine the spacing of the embryo according to studies of LPA3 [7, 8] . No difference in morphology was found between LE cells and other cell species among and/or in their distributions along the entire uterine horn; however, we did find a difference in cell adhesion apparatuses between the metrial and anti-metrial sides of the uterine wall during isolation of LE cells with trypsin according to the Bigsby RM (1986) method [12] . The LE fragment isolated from the metrial side was tube-like in shape as if it showed the outline of the uterine lumen; on the other hand, the LE from the anti-metrial side was broken into little pieces and could not maintain its shape like the LE from the metrial side, although the period of trypsin treatment was the same for both sides (unpublished data). There appears to be a difference in expression of some molecules in the connective tissue that lines the LE and/or of the cell-adhesion apparatuses among the LE cells between the metrial and anti-metrial sides. Several adhesion molecules were identified during the implantation window, expressed time-dependently, including integrins and trophinins [13] . These adhesion molecules probably play important roles for attachment of the embryo to the LE. None of the adhesion molecules showed specific patterns in the metrial or anti-metrial side of the LE. Other factors related to adhesion molecules might be involved in spacing of the embryo; however, they remain to be identified. The present disruption of the spacing in the MA axis was derived from the upside down body position, that is, the supine position (Fig. 2) . Although we could not conclude that gravity, which is the outcome of subtraction of the stress factor from the experimental restraint including the upside down position, has direct effects on positioning of the embryo along the MA axis because the stress factor is very large, this result should present a clue to elucidate the effects of gravity on spacing of the embryo in the MA axis. In conclusion, our newly developed experimental model is useful for clarifying the mechanism of spacing, especially along the MA axis.
The murine embryo is very small and fragile compared with the diameter of the uterine lumen, and it might be susceptible that the embryo was transported only by movement of the myometrium. We previously reported the relation between the distribution patterns of uterine glands and embryo spacing in the implantation period, and suggested that the implantation site in mice is genetically programmed to form along the LA axis [14] . This study is consistent with that previous study since the embryo disruption along the MA axis was caused by the experimental input during only one period, from Day 2 to Day 3; that is, it suggest that determination of the location of the embryo in the MA axis is genetically programmed in the mother since there is no direct contact between the embryo and the LE cell in this period. The numbers of embryos in Groups 1, 3, and 4 were decreased comparing with Group 2. This reduction was dependent on the duration (2 or 3 days) of the experiment. Groups 1 and 4 tended to fewer embryos than Group 3, even though the period of restraint was same in these three groups (3 days). The difference among three groups was the starting point of the experiment. This suggests that the period from Day 2 to 3 is very important not only in determination of spacing, but also in sensitivity to external stress. This is not in agreement with a previous report showing that a stress factor similar to our present study did not influence the number of embryos in mice [15] . In addition, another report showed that daily stress caused the largest effects on the number of embryos at Day 4 [16] . To compare results, the mouse strain must be considered because it is possible that sensitivity to some stress is unique in each strain of mice [17] . Also, since judgement of successful implantation in the previous reports was performed based on the number of embryos at a developmental stage near term and morphological evaluation of the embryos and their localization in the uterine horn were not performed, it is difficult to directly compare the results between the present study and previous reports. Actually, approximately 10% of embryos result in spontaneous abortion from the implantation period to Day 14 (mid-gestation) [18] . Since it is too early to accurately form conclusions based on only light microscopy, direct observation of the uterine lumen using high resolution micro x-ray CT is indispensable in accurately evaluating the positioning of the embryo. 
